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495-Ord-18. Such studies are now conducted for the National Aero-
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[3 _ _ _ ABSTRACT

The results of an experimental investigation of convective heat

transfer from turbulent boundaly layers accelerated ul_der the influ-

ence of large pressure gradients in a cooled convergent_iivcrgent

conical nozzle are presented. The investigation covered a rai_ge of

stagnation pressures from 80 to 250 psia, stagnation temperatures from

t080 to 2000*R, and nozzle-inlet boundary-layer tb,icknesses between

5 and 25% of the inlet radius. Steady-state heat-transfer rates from

air heated by the combustion of methm_ol were determined locally from

measurements using thermocouplcs embedded in the nozzle wall. The

most significant unexpected trend in _he res_dts is the re_]uetion in the

heat-transfer coefficient, below the variation with stagnation pressure

anticipated ]for a turbulent boundary layer, at stagnatie,_ pressures less

thml about 75 psia. As expected, the results inch_e a maximum in the

heat-transfer co,efficient upstream of the throat, where the mass flow

rate per unit area is largest, and _ substal_tial decrea_ _ of the heat-

transfer c_qficient downstream of the polnt of flow separation, which

occurred in the divergeat sectio,_ of the _,_zzle at the iow stagnation

pressurer. A redacti_n of about 10% in tl_e heat-transfer coefficient

res_,dted from a_ hick:ease in the inlet _,.:,,andary-|ayea" thickness betwee,

tee minimum and m,'_ximum tb_knesse,_ L'westigated.

Heat-hansfer predictions with wbic:h the da',a were compared

eit_er h_corpo_'ate _ predictio.-. _ff the bo,andary-lay_r characteristics or

_re related to l_ipe flow. At the higher stagnation pressures, predicted

values from a m_×lification ot Bartz" turbulent boundary-layer analysis

are in f_ir agreement with t',:e data. As a poss,:ble explanation of the

Ira,, ]_eat-transfe" rates at the lower stagm,_ion pressures, a parameter

is fotmd which is a meast,"e of the _-nportance o_ flow acceleration in

redtt zi_,g t_._.eturbule_)t transport below that typical of a fuliy turbulent

bound_ry layer. ,_:-1o' _/.t _ f_

Vl
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I. INTRODUCTION

Comprehensive studies of convectiveheat transfer from component is a radiation component, which, together

gases flowing under the influenc_ of comparatively large with the other effects, introduces complexities into _he
pressure gradients have been mostly analytical. Laminar gross heat-transfer process. Hence, results of measure-
flow eases have been solved by boundary-layer theory meats such as these have not been particularly informa_

approaches in which the restrictive assumptions are with- tive about tile convective heatotransfer mechanism ir

in the realm of describing actual processes. Turbulent accelerating tmbulent boundary-layer flows.
flows, however, are too complex to formulate in such a
way that descriptions of the momentum and energy trans-

port processes can be made without the use of consider- Most experimental results of previous investigations o'
able empirical information or assumptions which are so convective heat transfer in a nozzle without Jnjecfior

drastic that they them:;elves are essentially the solutions, and combustion effects were obtained either with no_,
The present investigation was undertaken in order to zles of small ar_gles of convergence and divergence ol!

provide experimental convective heat-transfer informa- at relatively low stagnation pressures and temperatures
tio_J on turbulent flows subjected to large pressure gradi- Saunders and C_lder's measurements (Ref. 2) were mad(

, ents with boundary layers that are thin in comparison only in the conical divergent section, with the half-angl
_, to tile ct'o_s section of the channels. It was anticipated of divergence about l/z deg. Ragsdale and Smith (Ref, 3)
•, that these results coa]d be incorporated with turbulent using superheated steam, made measurements in a nozzl

boundary-layer theeries to arrfve at a meap.ingful method which had small eonv,,rgent and divergent half-angles o
'" of predicting convective heat transfer in accelerating about 1 deg. The stagr)ation temperature was abow

flows. 1000°R, and the stagnation pressure r_nged fr')m 20 t(

•_ 35 psia. Baron and Durgin's measurements (R_ f. 4) ir
?l_,xpcrnneutal measurements of heat transfer from gases two-dimensional nozzles were made at a stagnation tern

flowing under the influence of pressure gradients have perature of 570°R and over a stagnation pressure ran_
•l been made to some extent by other investigt_tors. Data of 6 to 30 psia, In preliminary resuhs (Ref. 5), from th_

,1 obtained from rocket-engine firings indicate that the local system shown in Fig. 1, semilocal values of heat transfe
., heat fluxes _n nozzh's (particularly the c_nvergent sec- were determined by calorimetry for a few operating con
-_i 1 'Ko_ozsi s measurementsI t{ons) are sensitive to injection schemes, combustion phe- ditions. Only for (Ref. 6) in :
.1 nomena, and the proximity of a no:_xle to the injector 7!,_-deg half-angle convergent and divergent eonica
, (Ref. 1). Furthermore, superimposed on the com,ective nozzle at a stagnation temperature of about 1200"R wer_

4L
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da_a reported at higher stagnation pressures of 225 a:ad as air. The nozzle had a throat diameter of 1.803 in., a
370 psia. contraction-area ratio of 7.75 to 1, all expansion-area ratio

of 2.68 to 1, a convergent half-angle of 30 deg, and a
In this investigation, which covered a range of stagna- divergent half-angle of 15 deg. The exit Mach number

tion pressures from 30 to 250 psia and stagnatio_a tern- was about 2..5. Local convective heat-transfer results were
peratures from 1030 to 20000R, compressed air was obtained by measuring steady-state temperat__,res with
heated by the internal combustion of methanol and th_._ thermocouples embedded in tile water-cooled -aozzle wall.
mixed to obtain uniformity before it entered the nozzle. Radiation effects were negligible over the stagnation-
The mixing and distance of the combustion from the temperature range. To determine tile effect of boundary-
nozzle (Fig. !) minin_.ized maldistributions, a_d the ratio layer thickne._'s at the nozzle inl(;t on heat transfer in
of methanol-to-air weight flow rate was small enough, the nozzle, the length of the constant-diameter cooled
even for the highest stagnation temperature, so that the approach section upstream of the nozzle inlet was
products of combustion could be treated approximately dmnged in 6-in. lengths from 0 to 18 in.

II. INSTRUMENTATION

: The system flow and instrumel_tatton diagram is shown nozzle wall. These static pressures were _leasured with
in Fig, 1. Stagnation pressure was measured just upstream mercury manometers,
of the water-cooled approadl section, and stagnation
temperature was determined by averaging the readings
of two shielded thermo(_uples placed 0.25 in. upstream Bound,a_y-layer traverses were made in tile 5.07-in.-

: of the nozzle inlet. These two therm_'ouplcs, located 1 diameter cooled approach section at a locati_n 1.25 in.
in. from the centerline, were spaced 180 deg apart cir- upstream of the nozzle inlet. The stagnation-pressure
cumferentially and gen,_rally read within 2% of each probe was located 90 deg ch'cumferentially from the
oti_er. To determine the static-pressure distribution along stagnation-temperature probe. Details of the probe tips

' the nozzle, thirty-two static-pressure holes 0.040 in. in are shown in Fig. 2. Tile tip design is similar to that of
, diameter were spaced circumfe_'enUally arid axially in the probes _sed by Livesey (Ref. 7), with which he found a

2
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i oo42o _ o.zo---_ _'_'N Steady-state wall temperah_res and heat fluxes wet,

i' _--__ I-_"_//_x_ _ °btained fr°m therm°c°uples embedded in cyl'ndr';ea
,, plugs, a typical one of which is shown in F,_g.3. Thrc_

i, ---_ "-t- ] I thermocouples were formed along the length of eac
T _ plug, which was pressed into a hole drilled through th,

STAGNATIONPRESSUREPROBE nozzle wall. In the Appendix, the construction and cei,
bration of the plugs are described, including the dete_

.__ ruination of the distance between thermocouple welOO40D°°5 "_-- junctions by means of a Kelvin '.>ridge circuit. Oil

_I_/_ _"'- f-MgO INSOLATION thermocouple plug was located at each of twenty-on

__r'--"-_ c axial locations, except at x/L = 0.864, where there we
two. These plugs were also spaced at numerous circur_

. H_OUEL-ALUr.'E' ferential locations along the nozzle, ,as indicated in th
THERMOCOUPLEWIRE table in Fig. 3, such that every third plug w_s located '

:PIRATION HOLES (4 PLACES}

a quadrant within 55 deg of successive ones. The nozz"
STAGNATIONTEMPERATUREPROBE and plugs were fabricated from the same billet of 50f

DIMENSIONSIN INCHES type stainless steel. Available data on the thermal cot
ductivity of this material indicated a small variation wit

Fig, 2. Tip _etuils of traveeslng boundary-layer probes temperah_re in the attainable wall temperature rang,
Values of thermal conductivity used in the data redu(
tion were obtained experimentally o_ material take

negligible velocity displacement cffect of the probe in from the same billet that was used to fabricate the nozz"
the wall vicinity. The probes were moved mechanically Three longitudinal water-coolant passages cool_l f
via a micrometer lead screw, and their location from the outer surface of the nozzle and plugs. The nozzle insta

, wall was determined by a counter and a helipot, lation is shown in Fig. 4.

1964004023-010
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_ IlL HEAT-TRANSFERCALCULATION PROCEDURE

Although temperature gradients existed along the noz- average about 10% higher than with the thermocouple
: zle wall, as indicated by the w_!l isotherms shown in nearest the gas-side and water-side wails, With a corn

_,: ahon of the center thermocouple and the one neare:Fig. 5 for a particular test, these were generally small, "o '
a:_d the three thermocouple readings in each plug iadi- the gaa-side wall, the total heat load was found to agre
cated that only radial heat conduction normal to tile w,dl within 5_,; of that computed from the coolant flow rat.
need be considered. The local heat flux qtonormal to the and the cooJant temperature rise; consequently, these tw
gas-side wall was computed fi'om thermocouples were used to calculate the wall h:_,lt flu_

j The estimated errors re_ul_ing from the use of these the

i q,_ k (T_ - T_) moct,_,Dles are discussed near the end of the Appen4i:
t = rein r_,7_ (1)

The heat-tre, iisfer coefficient was computed by|

For a given plug, the radii r,c (gas-side wall radius), re,

I and rb are eollinear; they are taken perpendicular to the h - "T,J '° (_
i gasoside surface of the nozzle a_.,dextend to the center° - Tto

line; T, and Tb are internal w;it_temperatures measured The adiabatic wall temperature was calculated by takin
::_I_ with the thermocouples emb_:6ded in the plug, The the recovery- factor equal to 0.89. This value Jsbased

thermal conductivity k is the arithmetic average of the measurements with air accelerated over a flat plate by
4 v_!ues at T_ and Tb. convergent opposite wall (Ref. 8) and by extrapolatinl
! wall temperatures to the zero heat-flux condition for a

Th_ _as-side wall temperatures deterAlfinod from the flow through a n_zzle (_ef. 4). In both of the_e invest
! different thern_ocouple combinations in each plug were gations, the recovery factor ;:,as fonud to be lndepende
t generally within 1_{-.However, in determining the wall of pressure gradient. Actually, for the large different
: heat flux from Eq. (1), there were inco_lsistencies. If tile hetween the stagtmtiori and wall temperatures in tll

! c,n_ter thermocottple and die one nearest the gas.side present results', the calculated heat-trauster coefficien
•_ wall were u_'d, the cak.ulated w_ i heat ._]uxwa_ on the are insensitive to the ,assumed recovery-factor debzndenc

4.0 "i f

"t I T_bT _62

-_ 09015 in.

i _,0 ...... {" '- _.......... L = 5.9251_L _.................

o ," IA300 in.

,0 I \l _ ,

! GAS FLO*W 1 1_7' _1 [ TEMPERATURES ,N "F, | I
• 0 0 1 0 _ 0 :_ 04 0 $ 0 _ 0.? 011 09 1.0

• AXIAl DISTANCE RATIO Z/L

m
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IV. STATIC PRESSUREAND MASS FLUX DiSTRIBUTiONS

"41 ''--
the nozz _ is shown in Fig. 6 at a stagnation temperature COOLEr3APPROACH _ 7;o .......

• 1:3- TEST LENGTH oR
of !500°R for a rang( of stagnation pressures from 45 to .,. ps,o

; 150 psia. Measurements at higher stagnation pre.,.sures ,2 o 5,5 o 746 ,516 -_------_- .... ;,------_[
o 503 _6 75 7' 1024

were not possible becau'm of manorneter ]imitatior.. Ex- 0 262 18 752 t518 / _REDICTtON EO (3)jcept in the nozzle-exit region, where the rapid rise in _,__ _ 29o Tr3 752 _989 _ ,_

static pressure at the lower stagnation pressures indica'es _ _ I ; ! l =
flow separation, the pressure-ratio distribution is nearly _.G-----t-----+----_----_-'_-_--_

: invariant. For computational purposes, it is assumed to ' 1-----+---_-_ i Y\

be invariant above 150 psia. Deviations of measured o_ _---_

pressure distributions from that predicted from one- e_u, ATz/L:OSB

dimensional isentropie flow are indicated. The deviations o._ THROAT z/l. -"O60.5 --_ I------ --

" result from radial-velocity component,_ cau.,cd by the o7 ____L___ , __L___L__.a L I l
taper and curvahlre of the nozzle and are as large as 30% o o., o_ o.3 04 o _ o._ o_ 08 o_ ,o
just down_t;eam of the throat. AXIAL DISTANCE RATIO zA

Fig. 7. Ratio of local to one-dimenslonal mass flux

,o _-= _ ---- I e,long the nozzle

: line with the nozzle walt and is upstream of the geo_
o8- ps_o_R_----Ik---l-----l-----l----I 0,

: a z6_ 44.8 mos I F\ i ] t 1 metric throat, which is located at z/L = 0.003. Just
o 262 ?5.2 mtBI I_, I I I i downstream of the throat there is a sharp dip in d_e

..'Y II [ I [ [ [_J..--ON::-D]MENSIOtqAL [ mass-flux ratio, the reduction below that predicted from
_o6----4----4- _---4----_q FLOWPREDtCrIOi_4 one-dimensional dow amounting to about 15%. There
o l i i I I _ _---,345 ] appears to be a slight trend toward mass-flux ratios

o.__-' _ ' ' ._ _ _________q_j increasing with stagnation temperature, ecpecially near

_ :__ ] _I-LT___ '_ t the n°zzle exit' The effect °f b°undaW'layer thickness_oo_ . I . . at the nozzle inlet on the mass-flux ratio is negligible.
I ! I I z/t:o._o_\ t ' I I
, 1 I _ I , 8\__1

; _ Since the deviations from one-dimensiona] flow are

------_[.- - significant in the throat region, it is of interest to deter-
o.a-. _ mine to what extent the mass flux at the edge of the

: O I _ [Pt :448pso _----t boundary layer is predictable. Oswatitseh and Rothstein

[FLOW [3.1SEPARATION l Pt = 752ps,0--_'_-'_"El[31 (_ef. 9)considered isentropic, two-dimensional flow in a
OL_____________ _._a_____ convergent-divergent nozzle. The wall boundary, layero o, 02 o._ o._ o._ 06 07 o_ o._ ,o

AXIALDISTANCERA,,O z/L is neglected as is the requirement d]at the fluid velocity
at the wall be exactly parallel to _t. The final result of

i:ig. 6. Ratio of static to _agnatlon pre,_ure their analysis can be east in the iorm of a ratio of the
along the nozzle mass flux at the nozzle wall to that for one-dimensional

flow

In Fig. 7, file ratio of the local mass flux p,u,, calcu-

lated from the measured wall static pressures, to that
-' predicted from one-dimensional flow p_tI,, is shown at

{ ( :},-,Pt = 75 psia for different stagnation temperatures and 1 y - I M, . u_,)

cooled approach lengths. For the tests shown, the maxi- pct_, 9, , u_l u_ (3)
, mum value c,f dm mass flux p,u,.occurred at z/L ._. 0.58. ptut p.._31.._ ut

This location corresponds to the intersection of the sonic po

-' 6
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wherc

' _ ',. _'-,. "_ d--,.- d,. t,_,_: 1 `= d_
2:_,,._:/}_+ . "-2V-=_+ -__.....;fi' -=-t&/_ J + '_-;

v
1

The predicted mass-tqux ratio is on!y a function of the a predicted diseoat_nui|.y in the mass-flux rat_ aT _-

nozzle configuration, with the subscript 1 deooting aver- cared by tLe dashed _ines. The prediction is not sho_,_

age quantities for one_dimensiona _,flow. The prediction in the nozzle-entrance regyion, since there, resMetions on
" slmw_ in Fig. 7 i._in fair ago'cement with the data _.nthe

the magnihMe of the nozzle radius and its derivativesthroat region. !t also i:_dicates the sonk- _hae to be up-

stream of the throat. M _he intersection of the co'aieat implied in the a_._alysis are not satisfied. Even in the
sections of the nozzle with the throat curvature, there is _hroat region, these are marginal.

:

I

i

.i

4

t
i

"i

_-] V. BO_tNDAR'f k_Y_R$ AT _°HENOZZLE INLE'/

To indicate the nature of the boundary layer at the

the velocity ratio u/u_, mass-fluz raSo 0u/_,¢u,, and -_,-

, stagnation-temperature distribution (Tt - T,..)/(T_, - T,_)

are. shown in Fig. 8 fo,: a stagnation temperature of (@)1500°11 and a range of stagnation pressures from 4-5 to _ R - =
254 p,;ia. The profiles indicate that the boundary layers

are turbulent over the range of stagnation pressures. A f_ P" [l fT,-T,_.)]1/7-power-law cmwe for negligible property variation ............ (jT_- y)dy (_

across the boundary layer is shown for compariso_, o 0¢u, t \T_ .-T,_
-,, Values of the thicknesses 8", 0, and q_ near the nozzle

inlet were calculated by taldng into account the mass, In general, these thicknesses are about 5% lower tha
momentum, and energy defects for flow tlurough a pipe those obtained by assuming flow over a plane surfac

-_ of radius 11. The effect of increasing stagnation pressures is to decrea:

i the displacement, momentum, and energy thicknesses.

In Fig. 9, the velocity profiles of Fig. 8 are shown

\ 2] dok p,u, ] wall shear was defermined by matching the profiles I

1964004023-014
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.i

to ] .......... - :_:C_'(I_ .... the wail v_oJniW to the "|aw of the wall," which was

•_ _aken _ tl_e_brm

.; X- |

o oo!.... - oTT
- oR 'LL- for¢>30 (7)

', _ ee -'a__'LE_jo._Vg In the wall vicinity, the "law of the walr' appears t¢) be
.._, _ _" 1 _-'='- " -- .... valid, _r_d in the outer part of the boundary layer, the

i I/? ._JENE _ LfiW, gO_.,ISTANT=PROPERTY CU,eIVE

]: } J_o___[_.. ] t depart,,r,. • is typical of the "taw of the wake" proposed
' o _ _ 6 8 io _ by Coh's (Ref. 10). Shown in two ways in F:'g. 9 are the

•: J'/o friction cocffici( nts, c//2 = r,./(pd,_ ), predicted from the
_3]asiusfiat-plate relation

L_,_ 0.01£,8

., %_. _ _ r'--2L=

J o_ " With properties p and tz evaluated at the free-stream
_ _ . temperature, the predictions exceed those deduced from

•-- _ matching to the "law of the wall" by about 20%. With
o_*,_J. ] properties evahlated at the fihn temperature, the pre-

__ O" _ 4 6 8 I0 12

_/e dictions are about 55% higher. Also shown in the Figure
" are the friction coefficients predicted from the boundary
: O

: _. '.o= I ] ___..__¢__C_I__-- -------1 1 layer analysfs of I_ef. 11, which is discussed in Section

: VII. These predictions are nearer fl_ose deduced from
: _ the "law of the wall," though they arc still high.

, _t.-I_3 ]$_£r" At the other stagnation temperatures of 1030 and

-' _ oerff--- ............ -_ 1 2000°R' as wel_ as wid_ the sh°rter c°°led appr°achlengths of 6 and 12 in., the boundary-layer profiles (not

_ _' L _{ ] shown) were also turbulent. However, with no cooled04 ...... _ __ approach length, the botmdary layer appears to be in
: _ o a _ e _e _o '_ the tranMtion region, as indicated by the velocity profiles

y/4 shown in Fig. 10. These profiles lie between a turbulent
Fig.B.Boundary-layerprofiles 1.25 in. upstreamof and laminar one, as shown by the 1/7-power law and

nozzle inlet with 18-in. cooled approach length Blasius' laminar-flow profiles.

8
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Vi. HEAT-TRANSFERRESULTS

_ltle variation of the heat-transfer coefficient along tile f,_u_was used to comlmte both the Stan_on and Reynolds
nozzle with the 18qn. cooled approach length i._shown numbers. The variation of viscosity, specific heat, and
in Fig. 11 for stagnation temperatures of about 1030, Prandtl number with temperature for air was obtained
1500, and 2000°R and a range of stagnation pressures from R,f. 12. Each of the plots in Fig. 12 indicates the
from 30 to 254 psia. At the highest ._tagnation tempera- heat-tra_,.fcr data obtained at a single area ratio or axial
ture, it was not passible to obtain data above a stagnatit_ statioz,. H_.n,. '. in each of the plots, increasing Re>qmlds
pressure of 125 psia because of temperature limitatio,ls numbers (t,,,,.D/j,_) at the different s_agnation tempera-
on the wall-thermocouple ins,dating material. The curves lures ct;rrespond directly to increasing stagnation pros-
in the Figure were faired through the data. il '_s sures, since the nozzle diameter is constant.
eviden_ that dur;:lg a given test, circumferential varia-
tion:, m t",at transfer did exist, as indicated by the sym-
b_,' ,vhic, :re tagged alike. These indicate thermocouple Proceeding through the subsonic part of the nozzle
pluf:' spaced within 55 dog of each other. A certain (decreasing area ratios), there is a substantial reduction
amount of consis'wncy can be deduced by comparing in heat transfer at the lower stagnation presst,res below
data obtained from the same thermocouple plugs for that typical of a turbulcm boundary layer (Curve A)

where the depel_d('nce of tilt; heat-transfer coefficient ondifferent tests. The majority of the tests were duplicated
and found reproducible to within .--_:29_.It was not pos- the mass flux is lm(p,u_) _/:. This reduction persists

' sible to explain these variations by nonuniformities in through the throat and into the supersonic region. It
the flow based on measurements in the gas stream at the could actually continue to the exit of the nozzle; how-
nozzle inlet. However, it is possible that nommiformifies ever, i_ these tests it was not possible to operate the
¢o_Lklhave existed in the boundary layer, nozzle without separation near the exit at low stagnation

pre:sures. Measurements in separated regions are not
shown. At the higher stagnation pressures (higher Roy-

The heat-transfer coefficients in Fig. 11 inerease, as holds numbers), above 75 psia, the heat transf,-r is typical
expected, with increasing stagnation pressures as a result of a turlm_ent bom_dary layer.
of larger mass fluxes; however, their variation with stag-
nation temperature at the different stagnation pr_.ss.ues
_s less clear, with the trends dependent on stagnation Other investig_ttors have observed unexpected trends
pressure. The maximum value of the heat-transfer cool- ac_ompa:Jying the acceleration of turl)ulent lmundary
ficients occurs just upstreani of the throat in the vici_fity lay,:rs. The trends shown in Fig. 12 are similar to the

results of Rcf. 1, which were ob_.'_inedfrom rocket-enginewhere tile mass flux e¢u_, as indicated in Fig. 7, is a
maximum, A substantial decrease in heat transfer down- tests over a simila:" ranKc of stag_J,ttion pressures. The

stream of the point of flow separation which occ_rred at iarge positive slope nt the exp,'rimc,tal curves at area
the low stagnation pressuzes is indicated by the tests at ratios near 1 was ,otcd as well ,,_ the _'veutwfl decrea._c
a stagnation pressure of 45 psia. At the lowest stagnation in slope with iacreas%g. ,,tag,atiou pressure. Tlns implies
pressure, the data are not shown in this region, since that for the rocket-engine t_..,ts,injection and combustion
there were large fluctuations in the wall-thermocouple effects did not substantially alter I_,_,iv ,t-transfer _rends
reading._, from tb,se indicated i*, Fig. lC2.In Ref. 13, a turbuh',t

,, boundary layer at the entrance of a supersonic nozzle
was found to undergo transition to a nearly laminar one

To represent the heat-transfer results show_ in Fig. 11 at the nozzle exit. The stagnation p,'_,ssurewas 4.3 psia.
in terms of correlation parameters commonly used in- When the stagnation pressure was incr_.ased to 1,t.2 p,_ia,
volves both the selection of a characteristic length and a turbulent boundary layer was found at the nozzle exit.

• the temperature at which properties are evaluated. In No boundary-layer measurements were made within the
Fig. 12 there are shown, in at'tdition to the data of Fig. nozzle. In Ref. 14, it was observed that heat-transfer
11, data from many more tests at intermediate stag_ation trends of the type seen here at the low stagnation pros-
pressures presented in terms of the group, St Pr0..",and s_.',,_ _,xisted under lower pressure-gradient conditions.
the Reynolds number based on the nozzle local diameter. There was departure from fully turbulent flow through
Fluid properties were evaluated at the static temperature tile acceleration region as indicated by the ltnearity of
at the edge of the boundary layer, and the mass flux the measured velocity profiles in the wall vicinity.
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Fropl these observations, it seems logical to speculate the data points in the supersonic region are tagged. No
let at the low,.rr stagnation pressures, the boundary additional information is shown in this Figure; however,
.yet may have m_.dergoxletransition from tile turbulent the trends of conditions along the nozzle are more evident
)rofile at the nozzle inlet to a partially laminar profile than in Fig. 11. Again, the data downstream of the nozzle-
,nder the influence of the large, favorable pressure inlet region for the lowest stagnation pressure deviate
gradient. The consequent decrease in eddy h'ansport furthest from the (oeu_.)4/_dependency, which is shown as
vould reduce both the wall friction and heat transfer, a reference curve.

n Section VIII, a parameter relating a predicted reduc-
ion in net production of turt)ulent kinetic _'nergy to the The effect of varyitlg nozzle-inlet boundary-layer thick.
ow stagnation pressures is discussed, nesses on the heat transfer is shown in Fig, 14, in particu-

lar for a stagu_tion temperature of 1500*R and a range
To indicate the variation of the Stanton number with of ._tagnation pressures from 75 to 200 psia. With no

leynolds number along the nozzle, a few of the tests coole_ approach length, for which the ratio of estimated
'om Fig. 11 are shown again in Fig. 13. To help identify boundary-layer thickness to nozzle-inlet radius is about
he axial location in terms of the Reynolds number, the 0.05, the heat-transfer coefficie_t is above the thicker
neasuring station nearest the nozzle inlet is noted al_d layer results. This trend persists through the nozzle and
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extends into file supersonic region. J:.._t upstream of the 10_;. Apparently, with no cot,led approach length, h'ansi-
throat, where the heat-transfer coefficient is a ma×imur, n, tion f_(lm tile boundary-layer profile shown in Fig. 10 to
tlw thinnest layer results exceed the thickest layer results a turbulent one occurred upstream of tiw first heat-

obtained with the 18-in. c_)led appru..ch leni_th by a__out transfer measuring stvtion.
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VII. COMPARISON OF HEAT.TRAiqSFERRESULTSWITH PREDICTIONS

Ivh,thods of predicting nozzle heat h'ansfer consist where
; either of boundary-layer analyses or, because of their

layer analyses (e.g., Refs, 15, 16). the integral forms of -" "(V'_- v ct
the momentum and energy equations are soh'ed ba,_,:d
on a mm_ber of assumptions, the most important of The factor K" is similar to the Prandtl-numbcr ec

which is an assumed form of F_eynolds analog_' between rection factor in the von K{u'm{m analogy. The coef!
t

heat transfer a,d _sall fi'ietion. A limited am,,tmt ¢ffdata cicitt c t is analogol,_ to the wall friction coefficient
(Refs. 14, 17, 18) for heat transfer t,_ _utaccelerated, essen- but with the momentum thickness dependence replac

, tially incompressible, t,lrbulent houndary layer where by the energy thickness. The ratio (_b/0)" is a fact
property variations were small has indicated that heat- included in the analysis. For the present results,
transfer coefficients de.tt,rmined from _lle wall friction stagnation pressures above 75 psia, n was found to ha'
through one o{ the analogies known to apply for constant a valne near zero. The wall friction coefficient ks pr

, fi'ee-stream velocity were far in excess of actual values, dieted eifl_er from the Blashls flat-plate relation (Eq. ;
However, since l)oundary-layer measurements were not with properties o and it eval, zated at the film tempez
made in the nozzle, an experimental cheek was not ture, as was done in the earlier analysis (Ref. 15), or

pnssihh,, taking the adiabatic wall friction coefficient (predict
from Cole's relation [Ref. 19] _etween the friction

'; efficient for a compressible and incompressible rio
Another. more 1ecent, boundary-layer prediction meth- with properties evahmted at the free-stream temperatm

•: _tl in which various hint-transfer assumptions can be This latter method is suggested by a limited amount
'_ compared to experimental results is a modification o_ the data (Ref. 20), which indicate both the Stanton numl_
'I, turbulent h,mndary-laver, analvst_, of Ref. 15. In the modi- and wall friction coefficient with properties evaluated
} fkd analysis, as in Ref. 15, the integral forms of the me- the free-stre,_m temperature to be insensitive to sev
i meutum and energy equatio,s are soh,ed simultaneously wall cooling. Of note is th'_t for a severely co;)led w.
•! for 0 and _. The assumptions involve the specification of the friction coefficient predicted by the latter method
,.i the heat-transfer and wall-friction coefficients, and the substantially below fl_at predicted by evaluating pro

shnilarity of the boundary-layer velocity aud stagnation- erties at the film temperature.
i' temperaJure profiles on a I/7-power-]aw basis with

l respect to their individual thicknesses, which can be Prediction of the heat-transfer coefficient from Eq. (,
( different from one another. The prediction yields both requires both the selection of. and the temperature
1 tlw flow and thermal cho.raeteristics when the nozzle which properties are to be evaluated, With n _ 0.1,
! c¢,-;figuration, wall temperature, and free-stream prop- prediction is approximately the same as that of Ref.

,_ ertws are specified. To initiate the prediction, a knowl- For comparison purposes, two limiting values of .n :
edge of 0 and the ratio of thicknesses _t/6 is reqtnred at consklered. These correspond to assuming a Stantt

one was number dependence only on the tbern_al characteri,
location which taken at the boundary-layer

._t measuring stati n 1.2,5 in, upstream of the nozzle inlet. 4'; i,e., n = 0, for which Eq. (9a) becomesA complete report on the computation procedure of the

modified boundary-layer analysis, which is programmed h = K* c_
for numerical solution on an IBM 7090 computer, is pre- peu_v-_-_ -2- ('
scnted in Ref. 11.

,I
i The heat-transfer specification from the modified fur- or to takhig n = 0.25, for which Eq. (9a) becomes

bulent boundary-layer analysis (Ref. 11) is proximately the von Kfiralfm analog,

" K. C, ,_," h _,

"I I)¢[_eC" OetleCl_

l
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where _ _ _ (A,__OD;FL_DI'U_UL_T _K_UNDARY-LAYEROJ_YSIS £0(_b)
FflOF_RTIE$ EVAWATEOAT THE FS£E-_TRE/_tJl STA'I'IG
TE,_PERATURE

l_ ICf _t ._C_] 1 - | ....... 'B} _AqMFAS CO'=WE'A'IBUT WITH PfiOPERTIE$ [VALUAT_ A''H_FILMtTieEJ,'_RATU,E
K = 5 Yr + 5 In (5 Pr + 1) -- !4 + ....... c:_,o_.,.,_ ,.,Lo_,_o.o_

-- tO) PIP_ FLOWEO {tl|
"_ • _ (El SIII@LIFIED c-Q.(12|

FORGURVES (C| AN_I(D),_,_RYt_'S _ESE EV&LUAT[O AT THE FREE-STRE_.M
_I_TIC TEMPERATUI_E.

00010 _lOtqCURVE {E|,p#_p WEF:E_rVALUATEOAT TH'_ F;L* ¢¢_TUREAND F/
THE

O_er analys_s which assume a Stanton-number depend- A,._,_,E_ _,._L_,_,EO_" s,_,,_.._,...N,_,._,o,_

ence on q, have beer_ made in Refs. 17 and 21 and ooo,_...... T----- .... --/_7--Y--I
compared to experimental heat-tran._fer results for accel- : ; ./ [\l_ , "_ ° TT2_S5

erated turbulent boundary-layer" flows. In Ref. 17, the ooo,, ...... : ./STN [\ u,=_ _tio
predictions exceeded the data by about 30% in part of ._ ooo,_........ -4-------2.-r/_ ....
the acceleration region, while in Ref. 21, the correspond- i ;//, "
enee with the data was good. 7-_ooo,:_-..... ]---- '_. / e '

==
Tile heat-transfer predictions shown in Fig. 15 as _ oooo_........ -]---_--

curve A are from Eq. (9b) for a stagnation temperature /

of 15000R and a range of stagnation pressures from 45 _. oooo_.... S'__ +-_

to 254 psia, with tim 18-in. cooled approach length. These z

predictions were made with properties evaluated at the ,._00004_-i--7 _, _ HVO_T % _--

fi'ee-stream temperature and conditions at the edge of the o_oooo__ .... _]__ __[__._;,r,_: o._o3_____1

boundary layer determined from the wall static-pressure " "'" I _ITI _-- (mea.starements. Shown as curve C in Fig. 15 is the pre- u,

diction from Eq. (I0), in wh;ch the _rietion coefficient _ oooo_---[-------_--- i "----7 v_'s.reea ,
ct/_ was determined from the modified turbulcr'.t _, _.T_.a.._io
boundary-layer analysis. The reduction in the predicted ,_oooo__ .... --_-_. ..
heat-transfer coefficients provided by Eq. (Pb) below the

yon K,rm,n analog3, is d(_e to the greater predicted o_o4-_]---- / g._ ..,

thermal titan velocity boundary-layer thicknesses through I L. ..J,_ _"-_ 7"_'-_] __

dieted ratios of q,/0 as indicated in Fig. 16 are as large o _'_ _*-'_ I

as 6 in the throat region. At tim 75-psia stagnation pres- 00004 "_--] .......... LOCATIONOF TEST 2_"'"_sure, the correspondence of the prediction frownfl_emodi- FLOWSEEPARA_ION--/Pt =446p=lo/

fled turbulent boundary-layer analysis, Eq, (9b), with the ooooa -J.] .............data is good except ,_ear the nozzle exit. At the highest o r__

stagnation pressure of 254 psia. where the circumferential o o, o_ o_ 04 o_ o_ o_ o_ 09 ,o
variation of the data is considerable, the correspondence _xt^t.DISTANCERATIOall
with the averaged heat-transfer data is fair. The repro-
ducibility of the d,'l_a in Fig. 15 for 254 psia is indicated Fig. 15. Comport=onof exl_Hmen*.aibna_-tmnsfer
by the bye sets of data shown by the open and shaded coefficient= with predictions at T_o= ISOOORwi,h
symbols. At the lowest stagnation pressure, p_ = 44.8 _8-1n.cooledapproachlength
psia, the predietion exceeds the data by as much as 50%
in the throat region. For the range of stagnation pres-
sures, the predicted maximum value of the heat..transfer For cnmp_ison, tlaepredictions from the following
coefficient is just upstream of the throat, in ag'eement form of th(. pipe-flow equation for fully developed flow
with the data. in which both the t_iermal and velocity boundary layer

exte,d to the cer ter!ine and there is no significant pres-
sure gradient are shown as curve D in Fig. 15.

The effect of temperature choice for propc:ty evalua-
tion may be observed in Fig, 15 by comp_-ing curves A

St Pru._= 0.023 Re_,-_.2 (11)
and B. Curve B represents Eq. (Pb) with properties eval-
uated at rite fihn temperature Tt, In tile throat region, it
lies above the data but is in better agreement near the Also _h,_wn, as curve E in Fig, i5, is, the equation of
nozzle exit than curve A. Ref. "22:

16
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T_sa"zc__,=7_2p,_oi ............... --_ [ shown, Mong with others, at the intermcxliate pressures
, r,o=,5,8.. , i ] p, = tO and 150 psia for Tie _ 1500"R, as curv_ A '

�¤�doe,,Fig. 1£. 'II_e predicted 8tanton-numb.er dependenee el

t,/_-qoo_z_. the mass flux is approximate|y fliat of the plpe-flow equa
a _'" _ ! �d�Ì�loo,o.. Zion,which is shown as curve D. H_wevcr, the predictio_

-_ o _.-_, eeoc for all tile axial locatiow :amtot be approximated by a

"-_.__ __ _ equation like the pipe-flow equation lint w_th a l_w,
g]-2 coefficient i_eeause of the _'arkdion of the predicted vaht

c ,_-STa_ a,. a_-4-_t,io-I"/f'_ :-...... V ....... ] of _, relative to D. For a given run, ¢, dt_.'reases throug

+_____ subsonic region, at_ '._h_ga mi_dmum near the thtoa

rH_aT " "--I,,/o ooo0._._ simiim"but not in direct e(_rres_mdel_ce with the nozz,

-Z
0! 02 0_, 04 0¢; 06 0Z Ot_ 0_ I_

_x_ 0_sr_c__r_ _/_ In Figs. 1RethrougJ_12_,,the reduction in heat t_ans_
at Rt_molds num!mr_, Be:,, less than about 8 X I(P

FiO.16. Predicted thickness ratios along nozzle with z:ot pr_Mietable fr_oln an analysis for a turbulent boundal
18tin. to_led twproach length layer, as indicated by fl_ pn..,diction [rom Eq. (9b) _ho_.

in Fig. 12 soscurve A.

h [_ k'Pr"_-*/ o -- - \ r_ / J\ A / o Predictions from Eq. (9b) (not ,_ho,,vn)were also n_t
•_ (12) at stagnation temperatures of 1030 and 2/)00"_., with

18-in. cooled approach length. 'I)_e ma_m_tude o{ t.

In the pipe-tIow equation, all properties were evaluated "3eorease in the heat-transfer coefficient ,,,,_th iw :e'_._,
at the free-stream static temperature, while in Eq. (12), stagnation tempe,ature at the higher stagnation pressur,

shown in Fig. H was not predictable. From Eq. (gb),die _ar_dd number and speeific heat were assumed con-
dependence of the heat-transfer coefficient on stagnati_stant at their stagnation temperature values and e and/_
temperature at a given stagnation pressure is nea_

, were evaluated at the film temperatare. In Eq. (12), Tto-o._ _.o._ However, the energy _iekness atone-dimensional flow quantities were used, since two- h a .
"_ dimensional effects are not taken into account in the nozzle inlet decreased with increasing stagnation te

./; derivation. If they were, the prediction would be nearer perature, such that the difference in predicted he_'_
: that of the pipe-flow equation. Two-dim;.nsional values transfer coefficients was substantially less than exhibit_

of local mass flux are, 15% below the one-dimensional by the .data.

values just downstream of the nozzle throat, as seen in

! Fig. 7. The prediction from Eq. (i_) exceeJ,; tile data by The tre_ld of higher heat-transfer coefficients throu.
as much as 80% in the fllroat region. The pipe-flow pre- the nozzle with thinner boundary layers at the nor_
diction, Eq. (11), though in better agreement with the inlet is.shown in Fig. 14 to be prediclable from Eq, ({

: data, is still about 25% high at the throat. }towever, the magnitude of the predicted _erease she,
probably be estimated from the 6- and iS-in, cooled

From these oi_servations, it appears tha_ fair agreement preach lengfli predictions. For the zero cooled approa
with the data is provided at the higher stagnation pres- length prediction, wall cooling wt_s assum_-I to begin
sores by the modified boundnry-layer analysis taken in the nozzle inlet. To requi_e that the S_anto'_ numb,

' tile form of Eq. (9b), with properties evaluated at the remain finite there, the energy thickness was taken a
free-stream static temperature. These predietiol,_ are also small value equal to 0,001 in.

1964004023-024



JPL, TI_CHNiGAL REPORT NO, 32-4t5t .... ............

Viil. SOMEADDITIONALOBSERVATIONSOF T1ff FLOW
AND THERMALCHARACTERISTICS

In tlitv Se_,tion, some features o_ file flow are show, ooog " T- 7 " • - r ........... , ---

whkh d':l;_r_don the predicted flow _Jzd thermal charac- _ooo[_." _.s__,o r,o o15oo°_
teriqics obtahwd from the modified hlrbulel_t bo.mdary- I >._. IB-,. COOLE0AOPROACH
layer analysis (Ref. 11), with properties eval,iated at Die !._mo_ N tEr_OrH

free-stream temfferah_re. In tql_,. 16, the predicted ralios ]/ \_" \\\,E _,W0aud lt:.,^ indicate the thicker pzed,eted therl_ml
01an velocity boundary layers, _pceially i. the thr_.mt _o,_l . _._\ ..... _ i I i

region, ltecause of the cooled ,vail, the disol.'Leemen_ _oo] , _, _ ! T/_; ] i
thi_:kness _' becomes negative up._tream of the throat, as _'_i_ s ' _ _, , ,// , ;
does,l=_i'/e. <_, / , ' , , // '. ,

In Fig. 17, the predicted momentum thtcknes_ Re)'- t_"_-_._.L2_.? ' : !

holds ,luinber_ are a minimum a considerable disti_nce F........4,1_'--_.; .._,. _.__,/_. ......_.-_._..;' 'z,_stream of the throat. At the lowest ,_tagnation .pressure, zooo _ , " . _ , ,
wl_ere the heat transfer is below that typical of a tud_u- ! i , _ / ,* fHROAT

lent boundary layer, the minimum Reynolds numbc_ is ,non} ; : ,_ + + . -
1500, Altilough this predi_ zed value is probably different I ; i , ' 'I _ _ , I

fi'om the actual value, it is still eon:'tderably above tls,e ol .....
_leasured value of 600 found in Ref, 14, below which o o_ o_ o_ o_ os o_ ot o0 os
there was departure fio_n fully turbulent flow. For _he AXIAL DISTANCERATIO Z/L

ease of constant f e-st,ream velocity, Preston (Ref. 23) Fill, 17. Predicted momentum th|ckn_l_ ReynolOs
proposed a value of 8_D above which the flow could be numbers idonlt nozzle
considered fully turbulent; for accelerated flows lie e._ti-
mated that the limk might be lower.

below that typical of a fully turbulent boundary layer,

To indicate file magnitude of the forces acting on the refere_we is niade to the boundary-l_yer turbulence
boundary layer t_mnlgh the nozzle, the ra_ >:tl',_epres- energy equation (e.g., Ref. _). For simplicity, ¢in
sure forces which tend to accelerate the b; ,adaryolayer incoulpressible plant; flow is assumed fi_r which the con-
flow to the retardation wall shear forces ,l_ shown in vection of tudJulent kinetic eilergy by the niean flow is
Fig. 18as

8 <ix <%
-lrli_

In this ratio the pressure gradient _,_,, .rl;:.,ezk_dly (a)
approximated from the wall static pressur _... ,,tiremelf_fs

where the pre._sure gradient was difficult to obtah_ uu- - _x"_s" %p
lnertcaily, otle-dlniensional fl)w was ass,-*lied which
provided an anal),fle_d relaiiou for tile pressure gradient, (h) (e) (d)
The rg.tlo Is large,st in the convergent seetiou befort;

The _erms represellt the fo.tlowing:decreasing thro_lgh the throat and divergent so(:tton, For
eoinparison, the value (ff the ratio for fi._llydeveloped
_flOWin a circular pipe Is showli to deilioilslrate the large (a) Proih,_cttonof tiirbuleiit kh_l.>ticenergy by _lie
flow accelerations in a nozzle, wor_tltg of the !ll.(.allvelocity gradiellts ugaiiist

the Rey_.telds stresses,

To gain some knowledge of die nied_anisiu whtdi at (b) Work done by lhe turbulence against the fluctu-
the low stagl_ation pressilres .'educes ttie heat lra_!i£er aline pressure gradients,

18
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Fig. 18. Predictedratio of pressureto walt shearforces_Jctingonboundcry |ayer along r_ozzle

(el Couveetion of turbuh,nt kinetic energy by file (tt'_- t:') ,_uu
t,_rbuh'nce itself. _.

(d) "l'r-msferof energy t)y the workit_g of the t+jrl)l_- -- f_'l;'7 _
lent vis,:o.s strt'sses. "_

To (,stablish tile vai'Jattotl Of X jl_tthe flow dJrc,clit_

For a two-dimensioned flr}w with a i_res,,ure gradient, rt,q_res a knowle,_e .f the turbnlc,,nt quantitie,.¢ aero'.
the _igniliemat terms frmn term (a) flint le;_d to a Froduc- the, bmmdary layer, In the absence of _url)ule,_ce mea

_ lion or deea)' of c,mvecwd t.rbulent kim:tic energy art.. nremenls i_, accelerated flows,/his _:_timate l,_restrlcte
to the flat-plate moasur_,me_gs of Kleba_loff (Ref.
at a mml_,.'ntmn thi<:k_ess ReynohJs mm)ber of at_)_

..... ;It _ _' ;u 8 x I0", lh_. I+_'odu<:tionteH_ - _+"J_+d._!lJs largrst •
....... ,it, t:,'_) lh¢_w;dl vicl.lty where (y_./ ""-+ ._ u_ "+++" :_ _ u'v' "-=....... (u'_++ .7-- (14) l,,,.)/i,,_+.. 80, Using tl

' ' X+ ' _/ ¢r X "law +_flhe wall,' +'_q.(7), tl+,;velt+;ity gradient is

'lhe r,,main+.g terms (b), (_:j, +rod (d) in Eq. (I3t are Z+t 2.5 _-,._

de_,:,.mlent on the turh,ui,mt,e lrrt_dueud. The fir;t term "_+ = "_,_" "_+v+
J" +, 1, 0.4) i_ al,vay,s positlvt_' and le,_ds t+_a prt_Ju¢:+i¢m
of iurb.lent kin,_ti+:,+'.._cr_9'.+tlowev,.r, wiflt flow ac_._.l<,ra+ ._.. _. __
tion Zu/Zx ".. 0, +he ,see,rod term ]ead,++o a d_+y of tur- A. ......... ,,., value of (u _ - v")/f++uq/j +_;t.;J ts +ak+
lmh;nt ki_lelle ,;_+t'rg),l,r+wi<led that ++'_> vn, Thus, a fr+m+Kh;ba++of£sdala sill<:+',th+_ratio d+d n<Jtvary appr
measure _f dye, imporlm_ce of flow a<:+.+_'l_.+ra_,m+in rcdu<+'+ eiably across m+}'+tof the Im,md;_ry layer, Appr+J_i_mti_
Jill+the l|et ptoduc_itJr) of lulbnlel,_t }iBetie eBergy js fite vel_-ity gradfent ?u/+x by its t'rtm._treara vzlt

' $,iven by ;xratio of the two tenn_ in l'_q. _(I4); du./dx a.d _+_)mbinir+gthe oiher appro_inmt_<n)sgiw:,s
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due The va;iation of x along the nozzle is shown in Fig. 19
22v_ _ at Tt = 150O°R for the range of stagnation pressures

x "" -- (15b) from 45 to 9.54 psia. With decreasing stagnation pressure,

_"--_ the increasing values of x indicate the predicted reduced
pe

: net production of turbulent kinetic energy, At the lowest

-_ stagnation pres_sure, x attains a maximum value of 0.14.
Although the constant 22 is somewhat arbitraD', the Actually, for the low stagnation pressures, the values of

J essential feature i.,; the dependence of x on the group x should exceed tho;e shown, since the low heat transfer

implies that the wall shear is below the predicted value.

' d_ The variation of X along the nozzle displays the same
v_ --_ trend of being largest in the convergent section before

dx diminishing through the throat and divergent section as

.r,_ the heat-transfer data at the low stagnation pressures

p_ which depart from th_se typical of a turbulent boundary

0.12 I

T_,,,-"t500 ° R
18-in COOLED APPROACH LEHGTH

pg = 44._3 psic j

i

o.oz 254

0 o o.i o.z _,n o.4 o.e o.s o.r o,_ o.e

AXIALDISTANCERATIO z/L

Fig. 19. Predicted effect of flow accelerc_;ion in reducing net production of _urbutent kinetic energy at
. d|fferent stagnation pressures

2O

,,_
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: layer qbserved in Fig. 12. The values of x indicate when that typical of a fully turbulent boundary layer, Th
tile _urbulent shear stress u"TtS', which is related to the transport of heat would also be reduced, since it depenc
turbulent ]d_letie energy, is expected to be lower than on the level of turbulent transport,

._ iX. CONCLUSIONS

Experimental convective hea_-transfer results have one-d_mensional flow amounted to as much as 15
_( been presented for a turbulent botmdary-layer flow just downstream of the throat.¢

i tt,'ough a cooled convergent-<iivergent nozzle. "_e scope 6. A substantial decrease in heat transfer existed dow
of the _nvestigation covered a wide range of _tagnatien stream of the point of flow separation. Flow separ
pressures and temperatures as well as noT_le-inlet

tion in the divergent port,on of the nozzle occurr
boundary-layer thicknesses. The experimental results
indicated the fol_o_6ng: at the low stagnation pressures.

Variou_ heat-transfer pre':/ictions were compared to t
data. Fair agreement at the higher stagnation pressures

1. Heat-transfer coefficient:; increased with increasing p_'ovided by a modification of the turbulent boundax
stagnation pressure as a result of the law,er ma._s
fluxes, but only at stagnation pressures above about layer analysis of Ref. 15, in which the S_anton number
75 psia were values typical of a turbulent boundary taken dependent on a Reynolds number based on a thic

ness characteristic of the thermal boundary layer. In [
layer, prediction, properties were evaluated at the free-streo

2. At low stagr_afion pressures, the heat-transfer coef- temperature. For the low staguation pressures, where t

,_ ficients were below that typical of a tu_'bulent turbulent boundary layer is thought to have undergo

,i boundary layer even though the boundary layers partial transition toward a laminar one, a parameter
; at the nozzle inlet were turbulent, found which is a measure of the importat_ce o_{low ace
• era_ion in reducing the tr,ansport of heat below that _y
t 3, _lnaeeffect of stagnation temperature on heat trans-
" cat of a fully turbulent boundary layer.
_, fer was !ess clear, with the trends dependent on

¢ stagnation pressure, More work is needed to gain some experimental/_no,

'_ 4, Heat-transfer coefficients were about 10% higher edge of the flow an _ thermal boundary layers withir
coawergent-divergent nozzle and of the extent to w]_

throughout the nozzle with the thinnest boundary .
_ layer at the nozzle inlet (_/R _ 0.05) than with the these are predictable by an analysis such as that of
"_ 11. To obtain this information, a conical n_zle of 10-
_, thickest inlet boundary layer (_/R -_ 0.25). half-angles of convergence and divergence has been c

5. The heat-transfer coefficient is a maximum up- strutted. Tl_s nozzle, which wil| be tested in the. n,
stream of the throat, where tt_e mass flux, deduced future, is instrumentezI with boundary-layer probes :

i from wall static pressure measurements, i:; largest, incorporates the calorimetric technique to obtain he
'_ Deviations of the mass flux from that predicted for transfer measurements.
"1
t

4

I
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I

NOMENCLATURE

a speed of _ound

A local nozzle c_oss-sectional aro_

A" nozzle-_hroat are:,

c* characteristic velocity of e,A'e,./_z

ct local wall friction coeffiti¢'nt, rt/2 = _'Je,u;"

c; coefficient analogous to skin-friction coefficient, wi_l momentum
thickness dependence replaced by energy thickness

cp specific heat at constant pressure

D nozzle diameter

D" nozzle-throat diameter

g_ gravitational constant

h convective heat-transfer coefficient

k thermal conductivity

l cooled approach length

L axial length of nozzle = 5.925 in.

m mass flow rate

M Mach number

p static presstu'e

Pt stagnation pre_suce

1% Praudtl number

qw wail heat flux

qV2 turbulent kinetic energy

r nozzle radiu:;

r* nozzle-throat radius

r, nozzle-throat radius of etnrvatttre

R nozzle-inlet radius = 2.53 in.

/ted Reynolds number based on nozzle diameter, o_.u,.D/lt,

St Stanton number, h/pdteCoe

T temper,_ture

u velocity component in x-direction

u+ dimensionless velocity, ul_v--_/'-_e

o velocity component normal to wall

x distance along wail in flow direetiot_

22
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NOMENCLATURE (Cont'd)

y dista_ce normal to wall

y' dimensionless dista.ce, --N-,T_-_v_

z axial distance from nozzle inlet

-/ specific-heat ratio

velocity boundary-layer thickness

t stagnation-temperature boundazy_layer thickness

_ displacement thickness

0 momentum thickness
)

, _ viscosity

" _ kfi'_ematicviscosity

; p densi_]

dimensionles._ property co"rection factor (defined in nef. 2.2)

r_o wall shear s_ess

energy thickness

X parameter
¢

!

; Subscripts

: a condition at Jadius which is less than rb

• a_o adiabatic wall condition

' b condition at radius which is greater than ra

, condition at frec-:_tream edge of boundary layer

t property evaluate_:lat fihn temperat_are, Tt = (T,o + T_)/_

,, j components in Cartesian coordinates

o upstream resc_'w_ircondition

; t stagnatio_ condition

. ,_ wall condition

one-dimensional flow value

Superscript;;

i ' fluctuating component

d "-" thne average

)
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APPENDIX

Construdionand Ca|ibrati_no_Thermo¢oup|ePlug_=

The thermocouples embedded in the 0._Sdn.-diameter
plugs were formed b/ welding the exposed ends of
0,005dn.-diameter fiberglass-insulated chromel and a!u-
reel wires to the bottoms of opposing radial holes, as
shown in Fig. 3. "iqaewires were injected into these holes •_ .........

by using a spring-loaded jig, and the junction weld was _
made on contact between the wire aud the plug. "lqae _ __._..
ehromel and the alumel junctions were separated by .i-_,._ __-..._
approximately 0.0055 in. of plug material, The wires were _ ......,/__-f ..-_" 7"-<.".
then cemented into the grooves in the sides of the plugs "f/J"f_"* __"_"
with Technical G Copper Cement and calibrated. A fin- "_-_._ ;;_'_-,,_-_"__
ished plug is shown in Fig. A-1.

To provide good contact between surfaces when the ,-I_",? -_' "!" ' 3(" -

plug# were pressed into the nozzle, both the surfaces of _/_ .. "_ ] _:,_the plugs and the holes were finished to roughncsses less _, _
than 18 tan, An interference fit of 0,0005 in. between the
plug and nozzle hole diameters was used. After the plugs _ • _"

were pressed into position flushcementwithwastheappliedouter oversurface

of the nozzle, the inner ends were machined to match
the contour of the nozzle. The locations at which the

wires protruded from the outer ends of the plugs were
sealed with Technical C Copper Cement, ar,d a coat of
Echo Bond 56-C conductive the

plug and extended over the nozzle to exclude any possi- "

bility of water seepage into the plugs. The nozzle, after Fig. A-2. Nozxle after installa ,ion of thermocoupte plugsi installation of plugs, is shown in Fig, A-2,

For the calculation of the wall heat flux from Eq, (1),
it is necessary to know precisely the distance between
thermocouple weld junctions, Since the radial holes in
the plugs were about three times the diameter of the bare
end of the thennocouple wire, the exact location of the
weld junction could not be obtained by physical meas-
urement; thus, a Kelvin bridge circuR electrical calibrat-
ing technique was used as showu in Fig, A-3. This
calibration was performed before, the plugs were installed

• in the nozzle, A rodhaving the same diameter asa plug
"_ _ and of klmwn electrical resistance ll_ was connected to

• :% variable resistors Bb and B_ by wires with known resist-

_ anees H_ and Re. The plug with the thermocouples which

were to be measured was held eoaxially against one end
el' the rod, The contact resistance between rod and plug
is represented by Br A thermocouple wire of unknown

Fig.A-I, Thermocou#¢plug resistance Re leading to one of fl_e junction_ was con-

26
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•_ and the simultaneous solution of the above equatiol"b, E R

(A-I-A-4)yields
'I!
:i _'_ Re =/1R R._ + B_ (A-

:_ e,¢ Therefor'e, by proper adjustment of the resistances of t

_i! ra=o ,"-t decade boxes such that Io = O, R, is independent of t
_-: unknown contact resistance Rv. Actually, it was not pc

sible to make I,_exactly zero because of the limited sen

i of the galvanometer; hence, Rv made small
tivity was

ti comparison to R_..Incorporating the following equatic

i using the electrical resistMty p,

_! R,, - ea l_ (A

Fig. A-3. Kelvin bd.dgte,.|r¢oit used to d_term|n_ where IRis the known length of the rod. Since the dia

. _ _hermocouplo Io¢otions eters ',f the rod and plug are identical, A, = AR,solution of Eqs. (:_.-5),(A-6), and (Ao7) yields

';_ netted to a variable resistor IL and a galvanometer G. _a + fl,_

._7 A thermt_ouple wire tff the same material leading from t, = R_ + Rb In P.___C (?pt
: ;_ another junction within the plug and represented by the
•$( unknown resistance Ra was cxmnected to another variable
•;_ resistor/l_, which was in turn connected to R_ and the Equation (A-8) was used to determine the distm
_* other side of G. Tl'e resistance iq, represents the resist- between file junctions formed by two wires of the sa

_•, ance of tl_e plug between the jm_ction wires Be and Ra. thermocouple material. The arithmetic average of
.._i The circuit assembly was completed vdth a battery E and tanees between junctions formed by corresponding t
• _ a ss_dtchK. For the branch circuits with no current pass- reel and chromel _'es was then used as the dista_

., ing through G, Kirehkoff's second law may be applied, between two the.mmeouple junctions.

,_ and the following equations may be written: The distance between the no_,le gas-side wall and
| /'_(//a + R,) = I_ (lte+ R_) + IR, (A-l) inner thermocouple weld junction needed to calcu

the wall temperature, however, could not be determi_

I, (R_ + R_) = I_ (Re + Ra) + IR_ (A-2) by the electrical technique m_d, consequently, had to. measured physically. The distance front the radial ht
I_ (Re + Re + lit, + Ra) = (I - I,.) R_ (A-3) _nwhich the inner thcrmoeouple wa_ we!dcd to the in

surface of tim plug was measured before injeetiun of
wires. The length of the plug after it:stallation and

For I, = 0, chining then made possible a simple calcuk_tion of
d;stance fi'om wall to inner ther_r_'ouple with the

Ra + R, _ Re + R_ (A-4) sumpt_on that the thennocouple wires were locateItn + Rt, Rt_+ B,_ the centerlines of the holes.
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APPENDIX (Cont'd)

The estimated maximum total error that could h_¢e gas-side walls temperature, and a .+-_-_%error from _ddi-
occurred in reported experimental values of heat-transfer tional misce_lant_ms .sources. Under conditions for which
coefficient in the throat region at the higher stagnation the temperatatre differences between adjacent .qaermo-
pressures and terhperatures is approximately _+_8%.Thi_ couple_ were the smallest such as nt low stagnation pres-
error results from a .+_1% error due to dlerl.aocouple sure and temperature near the nozzle inlet, the maximum
locat_,onsdetermined by the Kelvin bridge measurements, total error could have beer_ as much as +__2I_. It should
a ± 11A% error from inaccuracies in measurement of the be noted, however, flint th_se are considered to be ma_6-

temperatures within the nozzle wall, a ±5% uncertainty mum errors and _.at the accuracy of the reported results
in the difference between stag'_mtion temperatt_re and is probably much better.
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